Abstract: Assessment of potential risks of complex contaminant mixtures in the environment requires integrated chemical and biological approaches. In support of the US Great Lakes Restoration Initiative, the US Environmental Protection Agency lab in Duluth, MN, is developing these types of methods for assessing possible risks of aquatic contaminants in near-shore Great Lakes (USA) sites. One component involves an exposure system for caged fathead minnow (Pimephales promelas) adults suitable for the wide range of habitat and deployment situations encountered in and around the Great Lakes. To complement the fish exposure system, the authors developed an automated device for collection of composite water samples that could be simultaneously deployed with the cages and reflect a temporally integrated exposure of the animals. The present study describes methodological details of the design, construction, and deployment of a flexible yet comparatively inexpensive (<600 USD) caged-fish/autosampler system. The utility and performance of the system were demonstrated with data collected from deployments at several Great Lakes sites. For example, over 3 field seasons, only 2 of 130 deployed cages were lost, and approximately 99% of successfully deployed adult fish were recovered after exposures of 4 d or longer. A number of molecular, biochemical, and apical endpoints were successfully measured in recovered animals, changes in which reflected known characteristics of the study sites (e.g., upregulation of hepatic genes involved in xenobiotic metabolism in fish held in the vicinity of wastewater treatment plants). The automated composite samplers proved robust with regard to successful water collection (>95% of deployed units in the latest field season), and low within-and among-unit variations were found relative to programmed collection volumes. Overall, the test system has excellent potential for integrated chemical-biological monitoring of contaminants in a variety of field settings. Environ Toxicol Chem 2014;33:1584-1595. # 2014 SETAC
INTRODUCTION
Assessing potential biological effects of complex mixtures of contaminants in aquatic environments is an ongoing challenge for ecotoxicologists. Instrumental analysis of contaminant occurrence or concentrations in environmental samples is an important tool for these assessments in terms of diagnosing causes of observed impairments, source identification, and evaluation of the success of remediation or mitigation; however, monitoring chemical presence alone does not ensure adequate environmental protection. There are many reasons for this, including a lack of knowledge (and/or analytical techniques) for all contaminants present, inadequate analyte detection limits relative to known (or unknown) biological effects of specific chemicals, limited capacity to account for bioavailability of contaminants, and inability to account for chemical interaction (mixture) effects. Recognition of these shortcomings has resulted in the adoption of effects-based approaches to complement instrumental analysis of chemicals by a number of regulatory programs. The National Pollution Discharge Elimination System program for effluents in the US, for example, discharge permits can be based both on concentrations of specific chemicals in wastewaters and on toxicity of the effluents to different invertebrate and vertebrate species in standardized assays [1] . Another notable monitoring program that uses effects-based testing in the United States is assessment of dredged materials, whereby the toxicity of complex mixtures (elutriates, sediments) to invertebrates and fish is used to complement chemical analyses for evaluating risk [2] .
Monitoring programs that utilize biological testing to assess water samples typically expose animals in the laboratory to samples collected from the field. Although this approach has positive attributes in terms of logistics and control of potentially confounding environmental variables, there are instances in which effects of fluctuating chemical exposures-associated with either point or nonpoint sources-would not be captured through the use of grab samples collected at discrete time points. Furthermore, some contaminants in samples may degrade relatively rapidly such that laboratory exposures with collected samples might not reflect field conditions. To address these types of issues, many researchers have employed in situ (caged) exposure systems using either invertebrates or fish. Animals for these caging studies are occasionally collected from the field; but to ensure deployment of healthy animals with a well-defined (chemical) exposure history, test organisms are more typically from laboratory cultures. A variety of different fish species have been employed for in situ testing. Among them, the fathead minnow (Pimephales promelas)
All Supplemental Data may be found in the online version of this article.
probably has been the most commonly used freshwater species for caged fish studies in North America [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Widespread use of the fathead minnow for this type of work stems from a number of considerations, including its long history as a standard model for regulatory ecotoxicology [14] .
The Great Lakes Restoration Initiative (GLRI), started in 2010 through the Office of the President of the United States, represents a significant effort focused on assessing and improving the health of the Great Lakes ecosystem (http:// www.epa.gov/glnpo/glri/). Our laboratory is contributing to a large-scale, multiagency effort in 2 urgent focus areas associated with the GLRI: occurrence of toxic chemicals in areas of concern (AOCs) and near-shore effects of pollution runoff. To address aspects of these contaminant-oriented issues, we are evaluating the utility of effects-based monitoring studies with caged fathead minnows at a number of different locations and types of sites throughout the Great Lakes [15] . Previous caging studies with the fathead minnow have used a wide variety of test systems, depending on variables such as study objectives, water body characteristics, available materials, etc. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . For the GLRI work, we wanted to develop a relatively simple, standardized test system for in situ exposures suitable for the wide range of habitat or deployment situations that might be encountered in the Great Lakes. A critical aspect of this effort involved development of an automated device for collection of composite water samples, which could be simultaneously deployed with the caged fish, thereby aiding characterization of the temporally integrated exposure experienced by the animals. Specifically, these water samples could be used both for targeted analysis of specific chemicals of interest, and for determination of biological activities of concern (e.g., estrogenicity) using in vitro systems.
In the present study, we describe a system for caging fathead minnows (or other small pelagic species) for biological effects studies, which includes a time-integrated water autosampler. Our goal was to develop a relatively simple and inexpensive system that can be deployed easily and can function under a wide range of site conditions. In addition to describing the system, we present several examples of biological and analytical data to illustrate its performance.
MATERIALS AND METHODS

Overview
The present study explores 2 discrete facets of the work associated with the GLRI effort. We first describe assembly of the fish caging apparatus and the simultaneously deployable system for collecting composite water samples. Included in this description, as Supplemental Data, is a complete parts list, as well as photographs and figures detailing the construction of the autosampler, including a circuit diagram for programming water collection. We then describe the components of a number of studies conducted at Great Lakes AOCs to demonstrate performance of the caged fish/autosampler system from the perspectives of both biology and chemistry. This latter component includes discussion of improvements made to the system over the course of 3 field seasons (2010-2012), as well as experimental design considerations germane to deployment of this type of apparatus (e.g., appropriate biological controls, chemical blanks).
Construction of the test apparatus
Caging system. The overall design of the caged fish apparatus is quite similar to that described by Miller et al. [10] , and consists of readily available commercial components (Figure 1 ; Supplemental Data Table S1 ). The actual exposure chamber is a minnow trap constructed of vinyl-coated galvanized steel mesh (6.4 mm) approximately 79 cm in length and 23 cm in diameter, with an interior volume of approximately 20 L. The traps are comprised of 2 halves, closed at the ends, which are fastened together with plastic zip-ties once fish have been placed in the unit. Based on initial studies in which some smaller adult females escaped over the course of deployment, traps are currently deployed within a secondary containment barrier, comprised of a 40-cm Â 80-cm bag with a 2.7-mm polyethylene mesh (Supplemental Data, Table S1 ). On deployment in the field, the bags containing traps are clipped to loops on vinylcoated steel cable ($5 mm outer diameter) affixed to a cement block ($25 kg), and then marked with a buoy (Figure 1 ). For most of our work to date, cages have been set approximately 1 m to 1.5 m from the bottom. However, cage depth can be readily adjusted by creating attachment loops at different points along the cable. To facilitate experimental replication and/or timecourse sampling, several of the modified minnow traps can be attached to each buoy/anchor configuration ( Figure 1) .
Water autosampler. To collect water samples for characterization of exposure of the caged fathead minnows, we developed an autosampler that could be deployed concurrently with the fish. For this application, we wanted a system that was structurally robust, relatively compact, completely submersible (for protection from physical disturbance), accurate in terms of water volume collection, easily programmable in terms of timing of sampling, and comparatively inexpensive. Components (as well as potential sources and approximate prices) for the deployable automated water sampler are listed in Supplemental Data, Table S1 . The basic system consists of a pump, solenoid, battery, and controller encased in a waterproof container, with tubing connecting through the case that transfers water from the ambient environment to a sample collection vessel (Figure 1 ). The primary container is a commercially available case constructed of a hard polypropylene material that is durable, light-weight, and resistant to chemical or ultraviolet light degradation (Supplemental Data, Table S1 ). Exterior dimensions of the case are 33.9 cm Â 29.5 cm Â 15.2 cm. The cover of the container has an ethylene propylene diene monomer O-ring for waterproofing. Three holes are drilled through the body of the case and fitted with stainless steel bulkhead unions (6.4 mm outer diameter). These fittings, which have very precise tolerances, are inserted and tightened firmly to form a watertight seal. The 3 fittings are used for sample water intake, presample purge (i.e., back to the environment), and final sample collection lines, which consist of clear, moderately flexible, polyethylene tubing (6.4 mm outer diameter; Supplemental Data, Table S1 ). The sample collection line is connected to a container for sample holding, which for most of our studies was a collapsible 20-L low-density polyethylene container fitted with bulkhead unions to allow for expansion as sample volumes increased over time in the vessel. Miniature check valves (6.4 mm inner diameter) are placed inside the sample collection line to prevent backflow from the container. To avoid plugging of the intake line with debris, a macrofiltering apparatus comprised of a 5.7-cm Â 6.4-cm cone constructed of stainless steel screen (20 mesh) is attached to the end of the line. On deployment, to help control positioning, the container is placed in the same type of mesh bag as used for the cages and fastened top and bottom to the anchor cable and autosampler primary container, respectively, at a depth close to that of the caged fish.
The pump used is a relatively inexpensive but highly reliable low-flow miniature gear pump (Supplemental Data, Table S1 ). The pump is powered by a 12-V DC sealed lead-ion battery and equipped with a 3-port solenoid that allows timed collection of water first to the purge and then to the sample collection lines (Supplemental Data, Table S1 ). A depiction of assembly and placement of the different components of the autosampler within the primary container, and the water collection vessel is presented in Supplemental Data, Figure S1a -e. The battery, pump, solenoid, and controller box are held in place within the container using precut 6-cm hard Styrofoam 1 . A secondary containment unit within the primary container is used to house the sample collection controller. This unit consists of a hard plastic box (120 cm Â 65 cm Â 40 cm), sealed with an O-ring, which contains a circuit board (Supplemental Data, Table S1 ) with space for the microcontroller and transistors that activate the pump and solenoid. A programmable microcontroller, which utilizes an internal clock to reduce the circuit board component count (Supplemental Data, Table S1 ), is used to control the solenoid and pump (see Supplemental Data, Figures S1e and S2 for the physical circuit board layout and wiring diagram, respectively). Wires (18 gauge) from the controller to the solenoid and pump pass through drilled holes in the secondary container, which are sealed with epoxy.
The final weight of a fully assembled autosampler is approximately 8.6 kg, with a buoyancy rating for the primary container alone of 9.1 kg. This slight positive buoyancy is important to ensure easy deployment of the autosampler in conjunction with the fish cages, and also means the unit would float if it became disengaged from the anchor cable.
The autosampler is very flexible in terms of programming options for timing and frequency of sample collection. MicroCode Studio Plus (microEngineering Laboratories) is employed as the integrated development environment, and the compiler used is PicBasic Pro, version 3 (microEngineering Laboratories). The microEngineering Laboratory U2 programmer is utilized to program the compiled hex code into the microcontroller via a programmer header located on the circuit board (Supplemental Data, Figure S1e ). Any changes to the collection parameters would first be edited in MicroCode Studio Plus, and then compiled and programmed into the microcontroller.
For our 4-d fish deployments, the pump/solenoid system was typically programmed to collect water samples periodically for a total of 5 d (the extra day was added to ensure that water sampling would continue if, for example, fish were collected at 98 h instead of 96 h). For these studies, samples were collected for 1 s every 15 min, which resulted in approximately 26 mL to 27 mL of water per sampling event, and a total sample volume of approximately 10 L for a 4-d deployment. Immediately prior to the periodic 1-s collections to the storage vessel, the solenoid and pump were activated such that sample lines were purged for 1.5 s, with the resultant water returned to the environment. After the programmed sample collection time, the solenoid is deactivated but the pump continues to run for 200 ms to minimize voltage spikes that might reset the microprocessor. Once the target number of samples has been reached, the program enters a sleep state.
Evaluation of the test apparatus
Field deployment and sample collection. The present study was part of a large, ongoing, multiagency project focused on the development of effects-based monitoring approaches both for legacy chemicals (e.g., organochlorines) and for contaminants of emerging concern (e.g., pharmaceuticals) in the Great Lakes [15] . Between 2010 and 2012, several different types of studies, including caged-fish exposures, were conducted at a number of sites distributed across 5 different Great Lakes AOCs, including the Duluth Harbor/St. Louis River, MN; Milwaukee Estuary, WI; Lower Fox River/Green Bay, WI; Maumee River, OH; and Detroit River, MI. These AOCs are characterized by a diversity of biological use impairments related to the occurrence of point and nonpoint contaminant inputs (see http://www.epa. gov/grtlakes/aoc/ for additional details). Many of the study sites were located downstream of municipal wastewater treatment plants (WWTPs). Study sites within the AOCs also exhibited a wide range of physicochemical characteristics in terms of variables such as depth, flow, substrate type, and basic water quality (e.g., pH, hardness, conductivity). Experimental designs varied at different sites and dates; for example, although 4 d was the most common exposure time utilized for the caged fish, durations in some instances ranged from 2 d to 8 d. However, the basic methods used for deployment, recovery, and sampling were common across all the studies.
Fish came from an on-site culture unit at the Duluth (MN) US Environmental Protection Agency (USEPA) laboratory that has continuously generated fathead minnows for research and regulatory activities for approximately 40 yr [14] . Prior to use in the in situ exposures, fish were held in mass cultures at 20 8C with a 16:8-h light:dark photoperiod and fed a mixture of brine shrimp and ground trout chow twice daily. Animals used for the deployments were mature adults, typically 5 mo to 6 mo old, that exhibited a sufficient degree of sexual dimorphism to allow accurate phenotypic sexing. Because many of the studies were conducted at Great Lakes sites some distance from the Duluth laboratory, it was necessary to ship the fish to research teams working at these locales. A standardized protocol that included multiple types of control animals was utilized for transport and deployment of the fish. Six fathead minnows of each sex were removed from the mass culture and placed together in plastic bags containing approximately 4 L of oxygenated culture water (from Lake Superior), and subsequently put in coolers on ice. The coolers were shipped overnight to the remote field sites, and the fish were deployed the day after receipt (i.e., the animals were in the coolers for approximately 2 d). Automatic temperature loggers (Onset HOBO Data Loggers) were placed in at least 1 bag per cooler so that we could ascertain the temperature regime to which the fish were exposed during shipping/handling. For studies conducted in the Duluth Harbor/St. Louis River, fish were still transported in the presorted bags, but they were typically deployed within 1 h of leaving the laboratory. Once at a site, fish were acclimated to the local water temperature (AE 3 8C) by immersing the shipping bags in a bucket of ambient water prior to placement in the cages. One bag of fish (i.e., 6 males and 6 females) was used for each cage. The animals were not artificially fed during transit or while they were in the field.
A number of different molecular, biochemical, and apical endpoints were measured in the caged fish [15] ; because of uncertainties as to how variables such as shipping and temperature changes might affect some of these endpoints, several different types of controls were typically used for the remote studies. These included fish sampled under the following scenarios: from the culture when bagging first occurred (culture controls), from bags held for 2 d on ice in coolers on site (shipping controls), from extra shipping bags at the time the test fish were deployed in the field (day 0 controls), and after holding in on-site aquaria (in Lake Superior water) for a duration corresponding to the length of the field deployment (timematched laboratory controls).
Fish collected from cages or the various controls were anesthetized with MS-222 and weighed. They were evaluated for any obvious external lesions and status of secondary sexual characteristics (e.g., dorsal nuptial tubercles). Biofluids (urine from males, blood from both sexes) and tissues (e.g., liver, gonads, brain) were collected and stored in a manner appropriate to the various types of measurements discussed by Ekman et al. [15] . For example, for the gene expression measurements in the present study, liver and ovary samples were flash-frozen in liquid nitrogen, shipped on dry ice (from remote sites), and stored at À80 8C until RNA extraction.
In conjunction with placement of fish in the cages, autosamplers were simultaneously deployed at several of the study sites in 2011 and 2012. The autosampler apparatus was placed at the same depth ($1 m from the bottom) as the caged fish. To help evaluate performance of the autosamplers in terms of chemicals and chemical activities detected in the composite, at a subset of the test sites grab water samples were also collected when fish were deployed or when they were sampled after 4 d. Grab samples were obtained using a peristaltic pump (model 410; Solinst) using site water-rinsed silicone tubing, from a depth of approximately 1 m from the bottom into a precleaned, muffled amber glass 1-L bottle, placed on ice, and shipped overnight to the US Geological Survey National Water Quality Laboratory in Denver, Colorado, USA. The composite samples were stored and shipped in a similar manner. Samples were processed immediately after receipt at the National Water Quality Laboratory.
In addition to the grab and composite field samples described above, a laboratory experiment was conducted in which Lake Superior water was pumped through an autosampler over the course of 4 d into either a low-density polyethylene container or a glass bottle similar to that used for collecting/shipping the grab samples from the field. The purpose of this experiment was to assess the occurrence of background contaminants that might leach from components of the autosampler or the collection vessels.
Analytical and biological measurements. Water samples were analyzed by the National Water Quality Laboratory for more than 130 organic compounds indicative of industrial, domestic, or agricultural wastewaters, including several chemicals known to be endocrine-active (e.g., steroids, alkylphenols, bisphenol A), and a suite of 48 human pharmaceuticals. The entire list of analytes, the specific procedures used (including quality assurance/quality control measures), and complete chemical results for several Great Lakes AOC studies, including those described in the present study, are detailed elsewhere [16] .
Cell bioassays can be very useful in detecting pathwayspecific biological activity of undefined chemicals, or mixtures of chemicals with a similar mechanism of action in complex samples. We have frequently used the T47D-KBluc assay, which employs a cell line stably transfected with a human estrogen receptor-a-luciferase reporter gene construct, to detect estrogenic activity in environmental samples [17] . In the current study, we present an example of bioassay data for water samples collected from 3 sites in the Duluth Harbor, along a discharge gradient for an effluent with established estrogenic activity [17] [18] [19] . Water tested in the T47D-KBluc assay included both grab samples collected when fathead minnow cages were deployed, and composite samples collected by the autosampler during the 4-d field exposure. The assay was conducted using a method in which culture media was directly prepared using site water, as described in detail elsewhere [17, 20] . Samples were tested at both 100% and 25% of the original field sample, with the dilution achieved through use of an appropriate volume of media prepared in high-quality deionized water. Estrogenic activity in the samples was considered significant when relative luminescence units (i.e., luciferase activity) exceeded baseline values (generated using only media prepared in deionized water) by more than 3 standard deviations.
In conjunction with the various Great Lakes caged-fish studies, we measured a variety of biochemical and molecular endpoints such as plasma sex steroid and vitellogenin concentrations, ex vivo (gonadal) production of steroids, tissue-specific alterations in metabolite profiles, and changes in gene expression using both real-time quantitative polymerase chain reaction (qPCR) and microarrays [15, 19] . For illustrative purposes, we present qPCR data for hepatic cytochrome P4501a1 (CYP1a1) in males caged for 2 d, 4 d, or 8 d at 4 different sites in the St. Louis River/Duluth Harbor (September 2010), or for 4 d at 2 different sites in the Detroit River (April-May 2011). Cytochrome P4501a1 is a xenobiotic-metabolizing enzyme whose expression can be induced by exposure to a variety of arylhydrocarbon (Ah) receptor agonists such as some polychlorinated biphenyls and polycyclic aromatic hydrocarbons [21] . We also present qPCR data for expression of 3 genes (follicle-stimulating hormone receptor, fshr; cyp-cholesterol side chain cleavage, cyp11a; and cyp-aromatase, cyp19a1a) related to reproductive endocrine function, including sex steroid synthesis, in ovary tissue of females caged for 4 d at 3 sites along an effluent gradient in Duluth Harbor (August 2011). Changes in expression of these genes in fathead minnows can result from exposure to a variety of endocrine-active chemicals [22] . Finally, we present qPCR data for hepatic expression of estrogen receptor-a (esr1) in males caged for 4 d at sites in the Detroit River in the 2011 study; increases in expression of esr1 can be indicative of exposure to exogenous estrogens [17] .
Methods and all primer and probe sequences used for the qPCR analyses have been described in detail elsewhere [23] [24] [25] [26] . Briefly, total RNA was extracted from the appropriate tissues (gonad or liver) from individual fish using Qiagen RNEasy mini kits. Total RNA quantity and quality was evaluated using a Nanodrop ND-1000 spectrophotometer and diluted to a consistent concentration of 10 ng/ml for use as template in the qPCR reactions. Relative abundance of cyp11a, cyp19a1a, and fshr transcripts were measured using Taqman RNA-to-C T 1-Step kits (Applied Biosystems) and a gene-specific RNA standard curve using thermocycler conditions identical to those described previously [26] . Relative abundance of esr1 transcripts was measured using Power SYBR Green RNA-to C T 1-step kits (Applied Biosystems) as described elsewhere [27] . Statistical analysis of the qPCR data was performed using Statistica 12 (Statsoft). Data were tested for normality (KolmogorovSmirnov test) and homogeneity of variance (Levene's test) and, in most cases, log transformed to meet parametric assumptions. Data were then analyzed using one-way analysis of variance followed by Duncan's multiple range or Dunnett's tests. Differences were considered significant at p 0.05.
RESULTS
Performance of the caging system
For an experienced crew, deployment of fish cages (including addition of fish to the cages) and an autosampler at 1 field site (Figure 1 ) can be achieved within approximately 15 min to 20 min. During field seasons from 2010 to 2012, we deployed approximately 1500 caged fish at over 30 sites in multiple locations in the Great Lakes (Table 1) . Most of these exposures were for 4 d, but some of the fish were caged for up to 8 d in 2010. Over the 3-y period, only 2 of 130 total cages were lost, 1 in 2010 and 1 in 2012. During the 2010 pilot season, almost 10% of the fish from the 23 successfully retrieved cages had escaped the primary enclosure and were in the secondary mesh bag. However, in subsequent years, the number of fish that escaped from the primary cage was substantially lower, likely because of the slightly larger size of the animals used in 2011 and 2012 ( Table 1 ). The number of dead or missing fish was uniformly low, at 3.2%, 0.8%, and 0.7% in 2010, 2011, and 2012, respectively. Importantly, survival of deployed animals that had been shipped to the remote study sites was 100% in both 2011 and 2012 (Table 1) .
The caging system was successful under a variety of conditions (Table 2) . Water depths for the deployments ranged from approximately 1 m to greater than 9 m, with the cages being placed at sites ranging from immediately offshore to approximately 200 m from the shore. Qualitative assessment of bottom sediments ranged from gravel to soft or packed mud and, when flow data were available from adjacent US Geological Survey monitoring stations, system discharge spanned almost 2 orders of magnitude (from $1300 m 3 /s to greater than 55 000 m 3 /s; Table 2 ). Water temperature on placement of the cages ranged from approximately 10 8C to 25 8C (Table 2) . Other water quality parameters were similarly variable, with hardness, for example, ranging from less than 100 mg/L (St. Louis River) to approximately 300 mg/L (Milwaukee Estuary) as CaCO 3 /L.
A large number of endpoints have been measured in caged fish samples from the various studies we have conducted. For the purposes of the present study, we report only a selected subset of data from these studies to illustrate the performance of the system and the type of data that can be obtained. Comprehensive reporting of the data from our different Great Lakes studies and a discussion of the biological implications of the results will be described elsewhere. Results for hepatic cyp1a1 expression in fish caged in the Duluth Harbor/St. Louis River (September 2010; Figure 2 ) provide an example of a biological endpoint that was impacted as a function of both site and duration of exposure in the field. Hepatic cyp1a1 expression was assessed in male fathead minnows caged for up to 8 d at 4 sites in the Duluth Harbor/St. Louis River: 2 sites were located proximal ($5-10 m) and distal ($200-250 m) to discharge from a WWTP located in Duluth that processes a mix of municipal and industrial waste; 1 site was located near a municipal WWTP discharge from Superior, Wisconsin (USA); and the 4th site (Fond du Lac, intended as a reference) was upstream of major point source inputs on the St. Louis River. Based on a comparison with time-matched laboratory controls, induction of cyp1a1 occurred relatively quickly (within 2 d) at the 3 WWTP sites, with the greatest magnitude of response observed at the site proximal to the Duluth WWTP discharge. Across-site separation (e.g., the gradient-type response by the Duluth WWTP outflow; no significant effect at Fond du Lac) appeared to be maintained through 4 d of exposure; however, by 8 d the magnitude of cyp1a1 expression was relatively similar in caged fish from all the effluent sites and was slightly elevated even at the upstream reference site (Figure 2 ). Data for expression of 3 genes (fshr, cyp11a, and cyp19a1a) in ovary tissue collected from female fathead minnows caged for 4 d at the proximal and distal sites mentioned above, as well as at a far-distal site located 400 m to 450 m from the Duluth WWTP discharge (August, 2011), are shown in Figure 3 . These data illustrate the robustness of some of the biological endpoints measured relative to potential differences in environmental conditions between the laboratory and field, and among different sites in the field. Expression of the 3 genes, which are all related to reproductive status of the fish, was comparable across the study sites, and also comparable to time-matched laboratory controls held in Lake Superior water (Figure 3) .
Results from males held for 4 d adjacent to 2 WWTP discharges into the Detroit River, (Trenton,Wyandotte) demonstrate the potential importance of different types of controls relative to interpreting site-related effects in caged fish. In the first instance (Figure 4a ), hepatic expression of cyp1a1 was elevated in fish from the 2 field sites, but was uniformly low in the 4 different types of controls discussed in the Materials and Methods section (i.e., culture controls, shipping controls, day 0 controls, and time-matched laboratory controls). However, for a second hepatic gene, esr1, there was a significant difference between the different types of controls, with the day 0 remote shipping control exhibiting expression levels that were lower than the other 3 controls and comparable to those observed in caged fish from the 2 field sites (Figure 4b ).
Assessment of autosampler performance
Different metrics can be used to evaluate the performance of the autosampler. One involves maintenance of physical and Caged fish were tied off to shipping channel break wall/steel pilings. 
functional integrity during field deployment. Another basis for evaluation is consideration of observed versus expected (programmed) water volumes collected in different settings. Finally, assessment of qualities of the samples from a chemistry or biology perspective can be used to help evaluate utility of the technology. Each of these 4 points is addressed separately below. Physical and functional integrity. Autosampler designs conceptually similar to or the same as those described in the present study were utilized, respectively, during the 2011 and 2012 field seasons. The final 2012 version differed from that used in 2011 in that it had a battery upgrade (from a series of D batteries to a single 12-V DC battery), employed a more rugged primary container, and included a secondary container to protect components of the collection controller. In 2011, prototypes of the autosampler were deployed at a total of 15 sites in the Milwaukee Estuary, Lower Fox River/Green Bay, Maumee River, and Detroit River in conjunction with 4-d caged-fish studies. These deployments occurred under a variety of site conditions and water quality characteristics (including temperature; Table 2 ). Water samples were successfully collected by all 15 of the autosamplers; however, in approximately one-half of the cases, collection volumes were less than intended because of battery failure and/or the occurrence of partially crimped collection lines. In 2012, the autosamplers described in the present study (Supplemental Data, Table S1 and Figures S1 and S2), were deployed at 22 sites in the Duluth Harbor/St. Louis River and Maumee River. One system failed to collect a sample because of operator error. The other 21 autosamplers, including 1 in which water had entered the primary container, successfully collected consistent volumes of water, resulting in a >95% success rate.
Accuracy of water volume collection. A more quantitative way to assess performance of the autosamplers is through measuring collected sample volumes over time. This was done under both laboratory and field conditions. In a laboratory study, 3 of the autosamplers were used to collect Lake Superior water from a large stainless steel tank, and daily measurements were made of the volume of sample collected. The samplers were programmed to collect water for 1 s every 15 min, a regime similar to that used in the field (Table 3) . Because sample volumes were determined at slightly different times during the workday, collection data were normalized to the elapsed time (min) between measurements. Although there were slight differences between the samplers (e.g., the volume collected by sampler 1 was $6% lower than that collected by sampler 3), variations for a given sampler over time were small (coefficients of variation of 1% or less). Output voltage of the batteries also remained quite stable over the 4 d, indicating good functionality of the power source for this period (Table 3) .
A field trial of the autosamplers conducted at several sites in the Maumee River in 2012 produced results similar to those of the laboratory study. At each of 8 sites, an autosampler was deployed with caged fish for 4 d, with both the mechanical unit and the sampling vessel fully submerged and arranged so that the intake tube was at the same depth ($0.5-2 m) as the caged-fish, and well above the sediment (to minimize potential clogs). On retrieval, collection vessels were detached from the autosampler, capped, and weighed. One sampler failed to collect water because of an operator error; the seal on the primary container was obstructed by an electrical line and the unit filled with water, causing the pump to fail. The average weight of water collected in the other 7 vessels was 10.96 AE 0.19 kg. When adjustments were made for actual time in the field (i.e., 94-96 h) the autosamplers collected at a mean rate of 1.93 AE 0.035 mL/min, with a 1.82% coefficent of variation among the 7 successful units. There was a 4.8% difference (0.09 mL/min) between the maximum and minimum collection rates for the 7 autosamplers, which tracked very closely with the laboratory experiment.
Comparative chemistry profiles. Another approach used for assessing performance of the autosamplers was evaluation of chemical composition of the composite samples versus that of water samples collected at different times during the autosampler deployment. This is somewhat subjective relative to interpretation because, unless target analytes are continually monitored over time, it is impossible to know what the true incidence of occurrence or concentrations are in a fluctuating environment (and, hence, what might be expected in a fully representative composite or a grab sample at any given time). However, this type of information can offer insights as to whether the composite sample seems to be yielding reasonable results, as indicated by data obtained via multiple grab samples.
Analytical data for the autosampler (composite) versus grab samples collected when fish were deployed (day 0) and at the end of the exposure (day 4) from 2 caged-fish sites in the Maumee River AOC (Swan Creek and adjacent to the Toledo WWTP) were compared (Supplemental Data, Tables S2 and S3). Of 133 target analytes, 34 were detected at the Swan Creek site in at least 1 of the 3 samples; 19 of these were detected in the composite and in 1 or both of the grab samples (Figure 5a ; Supplemental Data, Table S2 ). Certain analytes were detected in only 1 of the 3 sample types. Chemicals that were detected in the composite but not the grabs included diethyl phthalate, 4-nonylphenol, piperonyl butoxide, and tris(2-chloroethyl)phosphate. Chemicals detected in both the grab samples, but not the composite, included 9,10-anthroquinone, hexahydrohexamethylcyclopentabenzopyran, and p-cresol.
Approximately one-half (67) of the 133 target analytes were detected in 1 or more of the 3 sample types at the site adjacent to the Toledo WWTP site, with 47 of the 67 detected in the composite and in 1 or both of the grab samples (Figure 5b ; Supplemental Data, Table S3 ). Again, certain analytes were detected in only 1 of the 3 sample types. Chemicals detected in the composite but in neither grab sample included 17b-estradiol, 2,6-dimethylnaphthalene, 2-methylnaphthalene, diethyl phthalate, and venlafaxine. Analytes occurring in both the grab samples but not the composite were 4-nonylphenol diethoxylate, 4-nonylphenol monoethoxylate, 9,10-anthroquinone, acetylhexamethyltetrahydronapthalene, and oxycodone.
As noted above, it is difficult to make valid quantitative comparisons between the grab and composite samples based on analyte concentrations; however, potentially important insights might be achieved based on the absence/presence of specific chemicals in the different types of samples. For example, the occurrence of chemicals in the composite but not grab samples could indicate 2 possible scenarios: compounds whose environmental occurrence might be highly variable over a 4-d period, or chemicals present as artifacts associated with the sampling system. In our studies it appears that both situations likely occurred. Supplemental Data, Table S4 , presents data from a laboratory study in which Lake Superior water was collected over 4 d using the autosampler into either a low-density polyethylene container or a glass bottle. None of the 133 target analytes were detected in the laboratory-source Lake Superior water or Lake Superior water that had been pumped into glass (Supplemental Data, Table S4 ). The large majority of analytes ($125) also were not detectable in the polyethylene container. However, some were detected, including 3 chemicals that occurred in the composite but not grab samples from the field: diethyl phthalate, 2,6-dimethylnaphthalene, and 2-methylnaphthalene. Other chemicals that appeared to leach from the polyethylene container in the laboratory study included several that likely were present in the Maumee River water (i.e., they were detected in both grabs and composites), such as bisphenol A and benzophenone (Supplemental Data, Table S4 ).
Comparative biological profiles. Water collected by the autosampler can also be used for purposes other than chemical Novel system for in situ testing Environ Toxicol Chem 33, 2014 analyses. As for the instrumental analysis described above, estrogenic activity measured in the T47D-KBluc cell bioassay was compared for 4-d composite versus grab samples (collected only when fish were sampled at the end of the exposure in this instance; Figure 6 ). Water samples were from the proximal, distal, and far-distal sites near the Duluth WWTP described above (August 2011). Both grab and composite water samples exhibited significant estrogenicity that reflected the spatial gradient of the effluent (Figure 6 ), indicating that estrogenicity of the discharge was relatively consistent for this sampling period.
DISCUSSION
In situ exposures can be an important tool along the continuum of controlled laboratory assays with field-collected samples to evaluate chemical impacts on extant fish populations [15] . Although caged-fish experiments can be more resource-intensive than laboratory testing, they offer realistic exposure conditions reflective of a fluctuating environment, which cannot be easily replicated in the laboratory. Evaluations of feral fish, although important relative to direct assessment of relevant impacts, can be both expensive and uncertain in terms of the ability to consistently collect necessary numbers of animals for robust analysis. Furthermore, when one is collecting or evaluating animals from the field, it can be difficult to ascertain their chemical exposure history, thus complicating interpretation of cause-and-effect relationships. Confidence in terms of exposure history can be substantially enhanced through the use of caged fish.
Many different species have been used for caging studies, but the fathead minnow has been especially prominent for these types of experiments in North America. It is widely used because of a number of attributes, including broad natural distribution, ready availability of animals for testing from laboratory cultures, ability to tolerate a wide range of water types (and temperatures), comparatively small body size, and relevance to regulatory ecotoxicology [14] . Caged fathead minnows have been used for a variety of purposes, including determining bioaccumulation of metals or organic chemicals [6, 12, 13] ; assessment of the effects of ambient conditions on apical responses such as growth and reproduction [3, 8, 10] ; and determination of histological, biochemical, or molecular alterations indicative of perturbation of different biological pathways by, primarily, chemical stressors [4, 5, 7, 9, 11, 13] . Because of varying objectives and endpoints, previous fathead minnow caging studies have used a wide range of physical test systems and experimental conditions such as, age or size of animals, exposure durations (from a few days to several weeks), and feeding regimes.
The objective of the present study was to develop a standardized, caged-fish system and associated experimental protocol that would be useful under the different types of physicochemical conditions that might be encountered in rivers, bays, and near-shore sites in the Great Lakes or similar settings. To ensure adequate tissue mass for the various biological analyses of interest, and to minimize the need for feeding, we focused on adult rather than larval or juvenile fish. Given the complexity of the contaminant mixture present at most locations of this type, our emphasis was on endpoints, such as changes in gene and protein expression or metabolite profiles, potentially indicative of early perturbation of any of a number of different biological pathways of possible concern [15] . An important attribute of the overall test system and deployment strategy from a logistic perspective was that it be simple enough that multiple sites could be assessed within a given location (e.g., an AOC) by a single team of personnel over a relatively short period (e.g., within the course of 1 wk). To support this, for example, we wanted to assess the feasibility of shipping test organisms in a uniform manner so that exposures could be routinely conducted at locations without access to a primary laboratory facility/ animal culture. Based on results to date, the caging system/deployment approach described in the present study meets the stated objectives and requirements. The basic exposure system is inexpensive, and is reliable in terms of recovery of adult fathead minnows from 4-d exposures (typically >99%). Furthermore, using this technology, during the 2011 field season a single team of researchers was able to simultaneously conduct successful studies on 2 different occasions at multiple sites within 2 different AOCs (the Detroit River and Maumee Rivers; Lower Fox River/Green Bay and Milwaukee Estuary), with animals shipped from the Duluth USEPA laboratory. Biological data collected from the caged fish appear robust; for example, in the present study we describe changes in cyp1a1, a hepatic gene whose expression is known to be induced by a variety of environmental contaminants [21] , which reflected reasonable site-specific and temporal dynamics based on a priori expectations. Similarly, Davis et al. [19] describe a 2012 caged-fish study we conducted near the Duluth WWTP, in which it was possible to discern changes in the hepatic metabolome of fathead minnows associated with shutdown of a pulp and paper mill processor that provided influent to the WWTP, again demonstrating the utility of the basic test system and design for effectsbased contaminant monitoring.
Although the present study was successful overall in terms of biological performance, our data do show the need for careful selection of appropriate controls for caged-fish studies, particularly when animals are being shipped to study sites. This was illustrated by data from the Detroit River, in which expression of hepatic cyp1a1 was seemingly not affected by the transport conditions or process; that is, the various types of shipping and laboratory controls were all similar but were different from those of animals exposed to the river water/ effluent. Conversely, hepatic expression of esr1 in the same fish was affected by aspects of handling or transport. Specifically, expression of the gene in the various types of laboratory controls was higher than in shipped animals, irrespective of whether they were exposed in the field. Because this gene is associated with endocrine function, perhaps it is not surprising that an extended period (48 h) at a cool temperature in the dark affected expression. However, this observation highlights the fact that, without proper controls, impacts of shipping and handling conditions on gene expression could not be distinguished from the potential impacts of the field exposures.
Although effects-based testing and monitoring are important for assessing possible effects of complex contaminant mixtures in a field setting, biology data alone cannot be used to identify a specific chemical or chemicals responsible for impacts or, subsequently, necessary mitigation or remediation options [15] . This requires instrumental chemical analyses of samples that, ideally, capture exposure of the biological model(s) of concern in an accurate manner. This can be extremely challenging in a fluctuating environment. Hence, a complementary goal of our work was to develop a method that would help identify, in a rigorous, temporally integrated manner, chemicals to which the caged fish were exposed. We considered different approaches through which to achieve this, including collection of multiple grab samples of water over time, evaluation of tissue residues in the caged fish, and use of various passive samplers (e.g., solid-phase microextraction resins) deployed in conjunction with the fish; however, all had potentially important drawbacks. For example, collection and analysis of multiple grab samples can be quite costly and may not adequately capture temporal variability in a poorly characterized system [28] . Analysis of tissue residues in exposed fish certainly could help address or integrate variations in exposure over time, but there is no assurance that the chemical(s) responsible for biological effects would accumulate to any significant degree in the animals. For example, some biologically active chemicals, including many pesticides and pharmaceuticals, are readily metabolized and/or excreted. Different types of passive sampling devices are conceptually attractive in terms of extracting or concentrating chemicals from water over time; however, there are important uncertainties associated with their specificity for different classes of contaminants and ability to generate time-weighted average concentration estimates [29] [30] [31] .
In considering different options for sample collection in conjunction with the caged-fish exposures, we felt that the least biased approach would be a composite sample comprised of uniform volumes of water collected at relatively frequent time intervals. There are a number of commercially available autosamplers through which this could be achieved; however, those best suited to our purposes (i.e., relatively small, submersible units with flexible programming options) were too expensive to contemplate routine use in large-scale deployments in field settings where either unpredictable weather events or vandalism could result in damage or loss of the units. Therefore, we sought to design and characterize a programmable autosampler for the collection of composite water samples that was relatively compact and reliable, while being comparatively inexpensive.
Early prototypes of the current autosampler had some degree of success but were problematic in areas such as adequate battery life, sensitivity to impacts (e.g., jostling at the deployment sites), and being consistently waterproof, particularly in terms of maintaining controller function. Thus, although usable chemistry data could be derived from the initial models employed, we did not feel that they were reliable enough to recommend to others for routine use in the field. However, the present study's design (described in the Materials and Methods section and depicted in the Supplemental Data), has performed very well with regard to reliability in terms of both function in the field under different conditions, and collection of uniform water sample volumes over time. Moreover, the price of materials for this particular model was less than 600 USD, making it a very cost-effective testing/sampling option for routine applications.
Although the autosampler used in our studies appears to be a robust system for collecting samples that correspond directly to water exposures experienced by the caged fish, improvements can be made to the system. For example, use of polyethylene containers as collection vessels, although attractive in terms of cost, durability, and ability to collect samples underwater (i.e., easily vented), appears to be problematic in terms of the occurrence of trace organic chemicals which can leach from plastics, such as alkylated naphthalenes, phthalates, camphor, benzophenone, p-cresol and bisphenol A (Supplemental Data, Table S4 ). Unfortunately, some of these chemicals do occur as contaminants in aquatic environments (e.g., see grab sample data in Supplemental Data , Tables S2 and S3) , and could be toxicologically relevant (e.g., bisphenol A is an estrogen receptor agonist in vertebrates, including fish [32] ). As a consequence, despite many positive attributes, depending on the study conditions or objectives related to discharge type, target analytes, and biological pathways of concern, an alternative to polyethylene containers for sample collection may be necessary. One option we currently are investigating is custom-made, Teflon-coated collapsible bags that could be deployed within a container for structural support. Irrespective of the material used for the sampling unit, based on our experience, a prudent analytical/biological control (or reference) sample for this type of study would be a vessel containing clean water that is held either in the field, or under conditions (e.g., temperature) similar to the field, for the duration of the fish deployment and composite sample collection.
Also of concern were compounds detected in grab samples collected at the start and completion of the caged-fish exposures, but not in the composite sample. For example, at both study sites in the Maumee River, 9,10-anthroquinone was detected in all the grab samples but not the composites (Supplemental Data, Tables  S2 and S3 ). This observation may be indicative of chemicals with relatively short aqueous half-lives under conditions in the storage vessel or field, because of either degradation or adsorption to materials in the sampling lines or collection vessel. Further studies are ongoing to ascertain those chemicals (or chemical classes) that may not be amenable to reliable sampling with the autosampler.
In conclusion, the utility of effects-based approaches for detecting pollutant impacts in freshwater and marine systems is increasingly being recognized [33] . For example, the Great Lakes International Joint Commission recently issued a report highlighting the need for effects-based tools to augment traditional chemistry-based approaches for monitoring the occurrence and effects of chemicals of emerging concern in the Great Lakes [34] . To this end, our laboratory, together with collaborators from several other US federal agencies, has worked via resources from the GLRI to develop biology-based approaches suitable for assessing and monitoring chemicals in the near-shore waters of the Great Lakes [15] . An important component of this effort, described in the present study, has involved the development of a simple and comparatively inexpensive caged-fish/water sampling system that could be widely deployed at a variety of different sites in an efficient manner. Although our efforts thus far have focused on the Great Lakes, we feel that the test system described has broad practical utility in many types of systems. Acknowledgment-We thank T. Smith from the USEPA Great Lakes National Program Office for his contributions. J. Lazorchak provided helpful recommendations regarding design of the caging apparatus, and K. Lee provided unpublished analytical data to support our analyses. We also thank D. Mount for his thoughtful comments on an earlier draft of the manuscript. J. Vee and R. LePage assisted in manuscript preparation. We encourage colleagues who are interested in using and, especially, assembling the water auto-sampler described in the present study to contact us before doing so as, with each field season, aspects of the system are improved. For example, we currently are working on an upgrade that would enable programming of the sample collection frequency/timing directly from a laptop PC using the serial port.
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